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In this investigation the fracture behavior of functionally graded materials (FGMs) was studied by means of exper-
iments carried out on model polymer-based FGMs. Model graded materials were manufactured by selective ultraviolet
irradiation of ECO [poly(ethylene carbon monoxide)], a photo-sensitive ductile copolymer that becomes more brittle
and stiﬀer under exposure to ultraviolet light. The mechanical response of the graded material was characterized using
uniaxial tensile tests. Single edge notched tension graded ECO specimens possessing diﬀerent spatial variations of
Youngs modulus, failure stress and failure strain were tested under remote opening loading. A full-ﬁeld digital image
correlation technique was used to measure in real-time the displacement ﬁeld around the crack tip while it propagated
through the graded material. The measured displacement ﬁeld was then used to extract fracture parameters such as
stress intensity factor and T-stress, and thus construct resistance curves for crack growth in the FGMs. For this loading
conﬁguration it was found that the nonsingular T-stress term in the asymptotic expansion for stresses needs to be
accounted for in order to accurately measure the fracture resistance in FGMs. In addition, the inﬂuence of local failure
properties (i.e., failure stress and failure strain) on crack growth resistance was investigated in detail. It was found that
depending on the combined eﬀects of the spatial variation of these two failure parameters, regardless of the spatial var-
iation of the Youngs modulus, the FGM fracture resistance can either increase, decrease or remain constant with con-
tinued crack growth.
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Functionally graded materials (FGMs) are heterogeneous materials possessing thermomechanical prop-
erties that vary spatially in a continuous manner. Generally, these are ceramic/metal graded mixtures that
exploit the beneﬁcial properties of both metals (toughness, thermal conductivity, ductility, etc.) and ceram-
ics (hardness, heat and corrosion resistance, etc.), while enhancing bond strength and reducing residual
stresses when compared to metal/ceramic interfaces. FGMs were initially conceived as thermal protections
systems for aerospace applications (Niino and Maeda, 1990), but are also being considered in applications
such as energy conversion (Gasik and Ueda, 1999), military (Chin, 1999), microelectronics (Yamada et al.,
1999), biomedical (Watari et al., 1999; Pompe et al., 2003) and machining (Zhao et al., 2002). However a
better understanding of FGMs, especially regarding their fracture response, is needed to allow wider use of
such materials.
There have been several analytical and numerical investigations that have shown that the asymptotic
deformation ﬁelds around a stationary crack in an FGM with continuous and piecewise diﬀerentiable prop-
erty variation are identical to those in homogeneous materials with properties evaluated at the crack tip
location (Eischen, 1987; Parameswaran and Shukla, 2002; Chalivendra et al., 2003; Kubair et al., 2005).
Other studies have determined stress intensity factors in cracked linear elastic FGMs (Delale and Erdogan,
1983; Konda and Erdogan, 1994; Erdogan and Wu, 1997; Anlas et al., 2000; Kim and Paulino, 2003). How-
ever, equally important in the characterization of FGMs is to understand the mechanisms and material
parameters that control crack propagation in these heterogeneous materials.
For homogeneous materials under small scale yielding conditions quasi-static crack growth is governed
by a resistance curve which is a material property that depends on crack extension (Anderson, 1995). Such a
crack growth criterion can be expressed mathematically asKIðP ; aÞ ¼ KRI ðDaÞ; ð1Þ
where KI is the current crack tip stress intensity factor, generally a function of applied load (P) and geom-
etry (a), and KRI is a material property representing crack growth resistance and is a function of crack exten-
sion only (Da). To date there have been very few studies of crack growth in graded materials and it is not
known in detail how Eq. (1) can be applied for FGMs. One of the goals of the present work is to evaluate
the applicability of Eq. (1) to quasi-static crack growth in FGMs.
One of the ﬁrst attempts at modeling crack propagation in an FGM was performed by Jin and Batra
(1996), who considered a metal particulate reinforced ceramic composite with graded composition. Crack
growth resistance curves (R-curves) for the FGM were predicted using two models, the rule of mixtures and
a linear crack bridging law (crack bridging stress, r, prescribed as a function of crack opening displacement,
d, on the cohesive zone just ahead of the crack tip). Both models predicted an increase in fracture resistance,
referred to as ‘‘built-in’’ toughening by Erdogan (1995), when the crack propagates from the ceramic-rich
region to the metal-rich one. However the trend followed by the two calculated R-curves diﬀers, as shown
schematically in Fig. 1. Clearly which of the two responses will dominate depends on the micromechanical
mechanisms present in each case and can be answered through experimentation.
Experimental work on the fracture of FGMs is, however, still lacking when comparing to theoretical
eﬀorts. Butcher et al. (1999) used a gravity casting technique to generate a graded particulate composite
having varying volume fraction of spherical glass particles in a polymer matrix. They used the optical tech-
nique of reﬂection coherent gradient sensing (CGS) to determine the critical stress intensity factor for crack
initiation of an edge crack positioned at the interface between the FGM and a homogeneous material.
Rousseau and Tippur (2000) extended the work of Butcher et al. (1999) and determined critical stress inten-
sity factors for crack initiation for an edge crack situated at diﬀerent locations along the graded region, but
always perpendicular to the material stiﬀness gradient. Li et al. (2000) used a hybrid numerical–experimen-
tal approach to generate for the ﬁrst time a crack growth resistance curve for a polymer-based functionally
Fig. 1. Schematic representation of the two possible crack growth resistance curves calculated by Jin and Batra (1996) using the
concepts of rule of mixtures and crack bridging for a theoretical metal reinforced ceramic matrix composite.
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oped by Lambros et al. (1999). Li et al. (2000) observed that the FGM exhibited a signiﬁcant ‘‘built-in’’
resistance curve as the crack grew from the stiﬀer region to the more complaint one resembling the fracture
resistance curve calculated by Jin and Batra (1996) using a crack bridging law (see Fig. 1). Abanto-Bueno
and Lambros (2002) generated similar crack growth resistance curves for model polymer-based FGMs
from experimental measurements of near crack tip displacement ﬁelds using the full-ﬁeld digital image cor-
relation technique. More recently, Neubrand et al. (2003) have found a monotonically increasing R-curve
for graded Al/Al2O3 composites possessing a graded region of 17.5 mm and prepared using an adaptation
of the foam replication process ﬁrst described by Cichocki et al. (1998). They have also shown that the gra-
dient in elastic properties of the FGMs directly aﬀects the crack driving force for crack propagation.
Most of the above mentioned studies have either dealt with stationary cracks or have demonstrated the
‘‘built-in’’ resistance curve of the graded material for very speciﬁc FGM property gradients. The goal of the
present work is a more detailed experimental analysis in which the role of both local elastic and local failure
properties is investigated in depth. As can be concluded from the work of Jin and Batra (1996) diﬀerent
models, which are related to potentially diﬀerent local properties and/or failure mechanisms, can signiﬁ-
cantly aﬀect the response of the graded material. In this work we will exploit the ﬂexibility of the specimen
preparation technique described by Lambros et al. (1999) to generate a series of FGMs with markedly dif-
ferent property variation. Special emphasis is also placed on making full-ﬁeld optical measurements around
the growing crack tip (loaded in mode I) so that an accurate measure of the crack growth resistance can be
obtained. In addition, care is taken to have a precise knowledge of the variation of mechanical and failure
properties in each FGM tested. Details of the manufacturing process of model FGMs and the experimen-
tation procedure are given in Section 2. In Section 3 the results and discussion of the mechanical and frac-
ture characterization are presented in detail and conclusions are drawn in Section 4.2. Experimental procedure and methodology
2.1. Fabrication of model FGMs
The technique initially developed by Lambros et al. (1999) to manufacture model polymer-based func-
tionally graded materials from photo-sensitive poly(ethylene carbon monoxide), ECO, was also used in this
investigation. However, since here we are interested in detailed knowledge of both elastic and failure
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characterization protocol was employed. Only the improvements made are described below and the reader
is referred to Lambros et al. (1999) for more details on the technique.
The basic idea behind the technique developed by Lambros et al. (1999) is to exploit the ductile-to-brittle
transition that ECO exhibits upon ultraviolet (UV) light exposure (Andrady, 1990; Abanto-Bueno and
Lambros, 2004) to generate graded materials. The transition from shear yielding dominated (ductile) to
craze dominated (brittle) failure, also conﬁrmed through SEM microscopy (Ivanova et al., 1996; Lambros
et al., 1999), produces a stiﬀer but more brittle material as UV irradiation of ECO increases. By gradually
increasing the UV exposure time on thin ECO samples along their width, a continuous spatial transition
from a ductile mechanical response (short irradiation periods) to a more brittle one (long irradiation times)
is achieved. The major modiﬁcation over the set-up of Lambros et al. (1999) is the use of a computer con-
trolled motorized translation stage (Model M-415.DG, Polytec PI, Inc., Auburn, MA) allowing for three
improvements: (i) a highly uniform translation speed, (ii) a very slow speed down to 0.15 mm/h (veriﬁed
through calibration using a linear variable diﬀerential transformer, LVDT), and (iii) the capability to pro-
gram in the computer a speciﬁc sequence of varying speeds in order to generate diﬀerent gradients and/or
steps in mechanical properties. Furthermore, by translating the ECO samples in front of the stationary UV
source, as opposed to using a moving shield as in Lambros et al. (1999), two samples which have the same
in-plane property variation can be manufactured simultaneously. Using this modiﬁed technique, in-plane
graded FGM samples having dimensions up to 300 mm · 170 mm were manufactured. The UV irradiation
time, and thus the material property, of every sample is uniform along its length (300 mm) and decreases (or
increases) continuously along its entire width (170 mm), or a fraction of it, depending on the desired
mechanical property variation. The thickness of each sample is small enough (0.406 mm) to ensure homo-
geneous irradiation through the thickness.
Because of their relevance to the present work four diﬀerent and representative FGMs are presented in
detail here. They have been labeled as FGM I, II, III and IV. The initial nominal dimensions of samples
FGM I and II were 300 mm · 150 mm, and of FGM III and IV were 300 mm · 170 mm. FGM I and II
were ﬁrst homogeneously irradiated for 5 h over their entire area. Then for the case of FGM I, its entire
width (150 mm) was graded by moving the translation stage at 0.77 mm/h for 195 h; while for the case
of FGM II a graded region of only 39 mm was generated by moving the translation stage speed of
0.20 mm/h for 195 h. In the case of FGM III and IV, their entire area (300 mm · 170 mm) was homoge-
neously irradiated for 1 h and then continuously irradiated for 200 h while moving the translation stage
at a speed of 0.24 mm/h resulting in a total graded area of 300 mm · 48 mm. The graded region in
FGM III and IV started at 25 mm and 35 mm from one of the ends, respectively.
2.2. Tensile testing
Irradiated ECO possesses signiﬁcant variability in its mechanical properties (Andrady, 1990; Andrady
et al., 1993; Ivanova et al., 1996; Abanto-Bueno and Lambros, 2004). Therefore, to allow an accurate
correlation between the FGM fracture response and its local mechanical properties, the spatial property
variation was measured for every FGM tested. Once the manufacturing process was ﬁnished (8–10 days),
every FGM sample underwent two sets of experiments: (i) a series of uniaxial tensile tests to characterize
local mechanical property variation, and (ii) a fracture test. To this end, each sample was cut in two
identical halves parallel to the UV irradiation direction as illustrated in the left-hand side of Fig. 2.
One half was used to generate a single edge notched tension fracture specimen, while the other half
was cut into thin strips perpendicularly to the UV irradiation direction for uniaxial tensile testing.
Fig. 2 shows the dimensions of a typical FGM sample (left-hand side), and the geometry and dimensions
of the specimens obtained from it to perform both the uniaxial tensile tests and the fracture test (right-
hand side).
Fig. 2. Typical FGM sample (left) showing its dimensions, and the geometry and dimensions of the specimens used for its mechanical
and fracture characterization (right). SENT specimen dimensions: a = crack length, W = specimen width and H = specimen length
(thickness = 0.406 mm).
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RT/30, MTS Systems Comporation, Eden Prairie, MN) under displacement control conditions at a rate
of 0.5 mm/min. A 100 lb load cell (Transducer techniques Inc., Temecula, CA) was used to measure the
applied load. The universal testing software TestWorks 4 (MTS Systems Corporation) was used to control
the testing machine and to acquire the instantaneous machine crosshead displacement and corresponding
applied load data. This software was also used to measure the material Youngs modulus.
2.3. Fracture testing
Single edge notched tension (SENT) fracture specimens, originating from the same sample on which
the tensile testing was conducted, were tested to failure on the MTS RT/30 machine under displacement
control conditions. Using a sharp razor blade, a 30 mm through thickness sharp pre-crack, having
approximately 1.5 lm radius of curvature, was placed parallel to the gradient direction in the stiﬀer side
of the FGM specimen. The same loading rate as in the uniaxial tension tests (0.5 mm/min) was used so
that any rate dependence eﬀects would be minimized and a direct comparison between tensile and fracture
responses could be made. Specimen gripping was done through friction grips that were developed specif-
ically for this material and loading conﬁguration during an earlier study (Lambros et al., 1999). A uni-
form displacement along the upper grip was applied in the positive y-direction, while the lower grip
was held ﬁxed. Applied displacement and resulting load signals were recorded (see Fig. 2 for axes deﬁni-
tion). Since both the applied loading was symmetric and the initial crack was parallel to the material
property gradient Mode I conditions prevailed throughout the test, and the crack grew straight ahead
along the initial crack line. Fig. 3 shows a photograph of the crack path followed for a typical mode I
FGM fracture test.
Fig. 3. Photograph showing typical crack path in FGM SENT fracture specimen.
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create a random speckle pattern which is needed to measure the in-plane surface deformation using the full-
ﬁeld optical technique of digital image correlation (DIC). An IEEE 1394 digital CCD camera (Sony XCD-
SX900, 1280 · 960 pixels resolution) was focused at the region around the crack tip and was used to record
the speckle pattern, at a rate of 0.5 frames per second, during the crack initiation and growth event. Fig. 4
shows two typical digital pictures corresponding to times before crack initiation (Fig. 4(a)) and during
crack growth (Fig. 4(b)). The speckle pattern on the surface, used in the DIC technique to track in-plane
surface displacement, is clearly visible. For completeness, a brief description of the DIC technique is given
in the next section.2.4. Digital image correlation technique
Digital image correlation (DIC) is a robust technique used to accurately measure full-ﬁeld deformations
(displacement and strain) by comparing the local features of a pair of digital images of a random speckled
surface of a body taken before and after deformation. Details of the method can be found in the literature
(Sutton et al., 1983; Bruck et al., 1989; Vendroux and Knauss, 1998) and will not be discussed here. The
diﬀerence of the technique used in this study with that used in other eﬀorts centers around the execution
of the DIC algorithm. In this investigation, a hybrid DIC scheme having three consecutives steps, which
combine the two most accepted DIC minimization methods available in the literature, the Coarse–ﬁne (Sut-
ton et al., 1983) and Newton–Raphson (Bruck et al., 1989) methods, was implemented. The ﬁrst step is a
variant of the Coarse–ﬁne method and gives an approximate measurement of the displacement ﬁeld by
neglecting displacement gradients. In the second step, an approximate strain ﬁeld is determined by numer-
ically diﬀerentiating the displacement ﬁeld obtained in step one. In the third step, the Newton–Raphson
approach is used to compute the actual displacement and strain ﬁelds using as initial conditions the approx-
imate displacement and strain ﬁelds obtained from steps one and two, respectively. Using this approach
computational time is considerably reduced over the traditional DIC Coarse–ﬁne technique without losing
accuracy, which is ensured by using the Newton–Raphson approach in the third step.
The speckle pattern, generated using an airbrush, contained a distribution of speckles with an average
size of 10 lm, or about 0.13 pixels for the average image resolution of 13 pixels/mm used here. This speckle
pattern was seen in earlier work to correlate well for the SENT fracture experiments (Abanto-Bueno and
Fig. 4. DIC technique used in the deformation measurements of a SENT specimen: (a) undeformed state, (b) deformed state, (c) vector
plot of the measured in-plane displacement ﬁeld for the instant shown in (b), and(d) contours of the dominant displacement component
for the conﬁguration used (i.e., in the y-direction). In (c) and (d) the x-axis is parallel to the crack line and the crack tip is located at the
origin.
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between correlated subsets of 10 pixels. With the resolution used here this produces a displacement ﬁeld
at 6561 (81 · 81) correlation points over about a 62 · 62 mm ﬁeld of view. An in-house code was developed
to perform the correlation process.
Typical images that where collected during a fracture experiment and the corresponding DIC measure-
ments are shown in Fig. 4. Fig. 4(a) is a snapshot of the region of interest before deformation, Fig. 4(b) is an
image of a deformed conﬁguration (notice that the crack has grown), Fig. 4(c) is a vector plot of the
measured in-plane displacement ﬁeld for the instant shown in Fig. 4(b) and Fig. 4(d) shows contours of
the y-displacement component. In Fig. 4(c) and (d) the x-axis is parallel to the crack line and the crack
tip is located at the coordinate origin. Of the 6561 points for which the correlation was performed only
1681 (41 · 41) are shown in Fig. 4(c), with the displacement vector plotted with 0.3 magniﬁcation. The con-
tours in Fig. 4(d) use all the points of the correlation and no smoothing, other than the performed by the
plotting program, has been done. The full-ﬁeld information obtained is clearly visible. Analysis of these
results is discussed in Section 3.2.
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3.1. Mechanical characterization of FGMs: Uniaxial tensile tests
Fig. 5(a)–(d) show ﬁve selected stress–strain curves (r–e) each from the uniaxial tensile tests (see Fig. 2)
performed on FGM I, II, III and IV, respectively. To facilitate comparison between the four FGMs, the r–e
curves have been plotted on the same scale. The individual r–e curves in Fig. 5 have been labeled by the
center line position of the tension strip with respect to the stiﬀer end of the graded sample (i.e., the one
exposed for longer UV irradiation times). As the irradiation time increases the material becomes stiﬀer
in all the four cases, as was expected (Lambros et al., 1999). However in the case of FGM I, local failure
strain, ef, and failure stress, rf, are independent of irradiation time remaining almost invariable (within
experimental error) along the entire sample length (Fig. 4(a)). For the other three FGMs samples, two dis-
tinct regimes are observed: For longer irradiation times Youngs modulus, E, and rf increase while efFig. 5. Representative r–e curves for: (a) FGM I, (b) FGM II, (c) FGM III, and (d) FGM IV.
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decreases considerably (Fig. 5(b)–(d)).
Plots of E, rf, and ef as a function of the FGM sample width have been constructed and are shown in
Fig. 6(a)–(c), respectively. Recall that the width of the graded samples was either 150 mm (FGM I and II)
or 170 mm (FGM III and IV). Youngs modulus values for FGM I decrease continuously along the entire
sample width from 350 MPa at one end to 230 MPa at the other end. FGM II possesses the property var-
iation of an interphase in which three regions are observed: two homogeneous regions (20 mm and 90 mm
wide) at each end, but with diﬀerent Youngs modulus, and a third region where E decreases in a contin-
uous and smooth manner (as opposed to a sharp interface) between the two homogeneous regions. In this
case, E decreases from 410 MPa to 235 MPa and the graded region width has been reduced to 38 mm result-
ing in a sharper Youngs modulus transition. The spatial variation of E for FGM III and IV is similar and
both possess only one homogeneous region after a graded portion. In both cases, E goes from 450 MPa
to 205 MPa. Regarding the local failure properties of the FGMs, FGM I possesses almost constant
failure stress, rf, (8 MPa) and failure strain, ef, (5.5%) along its entire width. In the case of FGM II,
the behavior of rf is similar to the Youngs modulus: constant at both ends but at diﬀerent levelsFig. 6. Mechanical properties of FGMs I, II, III and IV as a function of their width: (a) Youngs modulus, E, (b) Failure stress, rf and
(c) Failure strain, ef. Data points are experimental measurements while solid lines represent the best ﬁt to the measured data.
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strain has a constant value of 6% for the ﬁrst 50 mm and then increases continuously up to 14% at the other
end. The spatial variation of rf and ef are alike for FGM III and IV, and as in the case of the Youngs mod-
ulus variation, there is a homogeneous region but at opposite ends (right-hand side in Fig. 6(b) for the case
of rf and left-hand side in Fig. 6(c) for the case of ef). In addition the overall continuous decrease of rf and
increase of ef are more pronounced. It is worth mentioning that, to our knowledge, the eﬀect of these quan-
tities has not been studied in detail in experimental investigation of FGMs. From Fig. 6, we can see that the
four FGMs under consideration present a diverse combination of spatial variation of mechanical properties
(E, rf, and ef). Such a detailed knowledge of local properties will facilitate a direct correlation with fracture
measurements for each FGM.
3.2. Eﬀect of T-stress on deformation ﬁelds
The displacement ﬁeld measured by the DIC technique was used to extract fracture parameters, and thus
monitor crack growth resistance, for the four FGMs under consideration. As was mentioned in the intro-
duction, it has been shown theoretically that for the case of linear elastic nonhomogeneous materials the
asymptotic ﬁelds around a crack tip have the same functional form as in the case of homogeneous mate-
rials, but with material properties evaluated at the crack tip position. Therefore for the case of FGMs sub-
jected to in-plane loading the displacement ﬁeld surrounding a crack tip is given to the 2nd order by
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þH.O.T.; ð3Þwhere ux and uy are displacement components parallel and normal to the crack plane, respectively; KI and
KII are the mode I and mode II stress intensity factors, respectively; and Gtip and mtip are the shear modulus
and Poissons ratio at the crack tip, respectively. C12 is a constant proportional to the nonsingularT-stress
parallel to the crack plane (T = 4C12), C22 is an integration constant which does not aﬀect either the strain
or the stress ﬁeld, A1 deﬁnes rigid body rotation (same eﬀect as C22), and u0x and u0y represent rigid body
translation along the x- and y-directions, respectively. Despite the similarity of these expressions to the ones
corresponding to homogeneous materials, the spatial variation of the shear modulus as the crack grows
along the FGM will greatly inﬂuence the displacement ﬁeld. It has been shown by Delale and Erdogan
(1983) that the eﬀect of the Poissons ratio on KI is almost negligible for a graded material under remote
loading. For the case of homogeneous ECO, Poissons ratio was obtained by coupling the tensile testing
experiments with DIC and measuring axial and lateral strain. In both unirradiated and homogeneously
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FGMs value of mtip was assumed constant at 0.45.
The mode I and II stress intensity factors in the FGM were obtained as a function of crack extension by
ﬁtting Eq. (3) to the raw DIC measurements, using the method of least squares as was ﬁrst done in the work
of McNeill et al. (1987). Displacement data used in this ﬁt were collected only from a region outside 3 mm
from the crack tip because of possible nonlinearity of the material within that region. As can be seen in Fig.
5 irradiated ECO shows a distinctly nonlinear behavior as strain increases, but which becomes less severe
with increasing irradiation time. Since the use of Eqs. (2) and (3) requires a linear elastic material, care must
be taken to use data collected from a region where nonlinear eﬀects are not dominant. A nonlinear large
deformation FEA analysis for this conﬁguration was conducted by Li et al. (2000) who showed that non-
linear eﬀects extend up to at most 3 mm from the tip for ECO with failure strain up to 20% and diminish
with a further increase in irradiation. For this reason data used in the least squares ﬁt of Eq. (3) were col-
lected only beyond 3 mm from the crack tip. A conﬁrmation of the accuracy of linear elastic fracture
mechanics (LEFM) to describe the ﬁeld is also obtained by evaluating the quality of the ﬁt to the measured
displacement. For larger crack extensions (greater than 50 mm) where the crack extended into less irradi-
ated material (i.e., possessing much more than the 20% failure strain studied in Li et al. (2000)) the quality
of the ﬁt of Eq. (3) to the displacement data became poor, thus conﬁrming the inﬂuence of nonlinear eﬀects
in the more ductile region and the inability of the LEFM ﬁeld to capture them when present.
The quality of the ﬁtting was evaluated by comparing the measured and theoretical crack tip displacement
ﬁelds. The former is the result of subtracting the rigid body motion (after substituting the ﬁtted coeﬃcients)
from the measured displacement, and the latter is the asymptotic displacement ﬁeld expression using the least
squares calculated coeﬃcients. A quantitative assessment of the ﬁtting process is given by the least squares
global error. The eﬀect of the number of terms used to ﬁt the measured displacement, speciﬁcally the one
presented in Fig. 4(d), for four diﬀerent cases is shown graphically in Fig. 7 and numerically in Table 1.
The dash-dotted line in Fig. 7 corresponds to experimental results, while the solid line is the theoretical pre-
diction. Fig. 7(a) was generated from ﬁtting only the term containing KI (and rigid body motion), Fig. 7(b)
was generated by adding the term containing KII, Fig. 7(c) uses the two terms in Eq. (3) that represent pure
mode I (i.e., KI and C12), and in Fig. 7(d) all six terms in Eq. (3) have been used. The value of KII, although
small compared to KI, is not exactly zero. This can be attributed to camera noise and, more likely, to a small
specimen-grip misalignment which was very diﬃcult to control during the fracture tests. However, as the
value of KII is small compared to KI, it is clear that the specimen failed mostly under mode I loading.
It can be seen that the best ﬁt for the measured displacement data is obtained when all the terms on the
right-hand side of Eq. (3) are used. However, Fig. 7(c) shows that it is the inclusion of the T-stress (through
constant C12) that is critical to accurately capture the displacement ﬁeld. The same eﬀect is seen when com-
paring the measured and theoretical strain ﬁelds. Fig. 8(a) shows a comparison between the DIC measured
eyy strain component and the K-ﬁeld (i.e., singular term only) prediction for eyy using the value of KI ob-
tained from the displacement ﬁeld through the ﬁt of Fig. 7(a). Fig. 8(b) shows the same comparison, but
with the inclusion of the T-stress eﬀect in the ﬁtting procedure. As can be seen the eﬀect of the T-stress
is again pronounced and the comparison in Fig. 8(b) is better than in (a), although the experimental strain
contours are much noisier than the corresponding displacement contours. (The strain contours shown are
raw data, i.e., they have not been smoothed in any fashion, and this type of noise in the strain ﬁeld is typical
in unsmoothed DIC experimental strain data.)
From the above discussion we can conclude that both the singular KI and nonsingular T-stress terms are
needed to describe the fracture of the model FGMs under this mode I loading conﬁguration. It is worth
mentioning here that the T-stresses measured for every crack extension in all the four FGM samples were
compressive, which has been (numerically) suggested to be responsible for preventing crack kinking in
FGMs (Becker et al., 2001; Kim and Paulino, 2003). Fig. 9 shows the eﬀect of the T-stress on the measured
values of the stress intensity factor KI for FGM III as a function of crack extension. It can be concluded
Fig. 7. Contour plots comparing measured (dash-dotted line) and theoretical (solid line) crack tip normal displacement ﬁelds as a
function of the terms used to ﬁt the displacement data presented in Fig. 4(d) The terms used in the ﬁtting, in addition to the two terms
deﬁning rigid body motion, were (a) KI term, (b) KI and KII terms, (c) KI and C12 terms, and (d) KI, KII, C12, and C22 terms. Notice that
only data measured outside of a 3 mm region around the crack was used in the ﬁtting as suggested by Li et al. (2000).
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thus in the fracture resistance of the FGM, although the percent error decreases slightly as the crack prop-
agates toward the more compliant region. KII for the case of T = 0 is similar to that of the case of T5 0
and therefore is not shown in Fig. 9.
Table 1
Coeﬃcients for four diﬀerent ﬁtting trials shown in Fig. 7
KI (MPam
0.5) KII (MPam
0.5) C12 (MPa) C22 (MPa) A1 (rad) u0y (mm) Error
a (mm2)
Fig. 6(a) 1.612 N/Ab N/Ab N/Ab 9.24E4 1.309 5.727
Fig. 6(b) 1.612 0.0414 N/Ab N/Ab 3.44E4 1.309 5.724
Fig. 6(c) 1.334 N/Ab 1.776 N/Ab 9.24E4 1.309 3.86E2
Fig. 6(d) 1.334 0.0414 1.776 4.9E6 3.44E4 1.309 3.62E2
a Global error determined from the ﬁtting process.
b Term not used in the ﬁtting process.
Fig. 8. Contour plots comparing measured (dash-dotted line) and theoretical (solid line) eyy strain component for the DIC data
presented in Fig. 7. (a) K-ﬁeld only, and S (b) KI, KII, C12, and C22 terms, used in the ﬁtting.
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Fig. 9. T-stress inﬂuence on the measurement of stress intensity factor KI in FGMs.
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KI calculated when including the T-stress to KI when T-stress is assumed zero, plotted against crack exten-
sion for all four FGMs. As can be seen for all four material gradients tested the eﬀect of T-stress on the
value of KI is at most up to about 35% and increases with increasing crack length. In Chao et al. (2001)
it has been shown that in brittle homogeneous materials the inﬂuence of T-stress on the value of KI is up
to about 30% for diﬀerent geometric conﬁgurations comparable to the values seen here. For the case of
the FGM, however, we would like to resolve whether this inﬂuence is driven primarily from geometric ef-
fects, as in the case of homogeneous materials, or is also related to material gradient. Therefore in addition
to the results for the four FGMs, Fig. 10 also shows the corresponding result for a 130 h homogeneously
irradiated ECO SENT fracture experiment. The results for homogeneous ECO follow the same decreasingFig. 10. Eﬀect of T-stress on the mode I stress intensity factor for the four FGM samples illustrated through the ratio of KI obtained
when T-stress is taken into account divided by KI when T-stress is assumed to be 0. For comparison results from a 130 h
homogeneously irradiated sample are also shown.
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not exceed 30%, which is in agreement with the result of Chao et al. (2001). The larger inﬂuence of T-stress
on KI occurs for FGMs III and IV which are the samples with the steeper material property gradient.
Therefore these results imply that the inﬂuence of T-stress on KI is primarily a geometric eﬀect, and the
inﬂuence of material gradient, although possible for large property gradients, is a second order eﬀect.
3.3. Crack growth resistance
Crack growth resistance was monitored by plotting KI as a function of crack extension, Da, for the four
FGMs. The results, along with the corresponding spatial variation of Youngs modulus, failure stress and
failure strain, are shown in Figs. 11–14.Fig. 12. Resistance curve for FGM II, also showing the corresponding spatial variation of E, rf and ef.
Fig. 11. Resistance curve for FGM I, also showing the corresponding spatial variation of E, rf and ef.
Fig. 13. Resistance curve for FGM III, also showing the corresponding spatial variation of E, rf and ef.
Fig. 14. Resistance curve for FGM IV, also showing the corresponding spatial variation of E, rf and ef.
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but as the crack keeps growing, reaches a plateau and does not exhibit any ‘‘built-in’’ toughening (Erdogan,
1995). This is in contrast to the results of Li et al. (2000) that measured a constantly increasing resistance
curve for their FGM. By examining the variation of E, rf and ef as the crack grows through the graded
material, we can see that although E decreases, ef and rf remain almost invariant. However, the variation
of Youngs modulus along the entire FGM I sample is relatively mild and speciﬁcally in the window of
crack growth of 30 mm shown in Fig. 11 varies only by about 8.5% or about 1 MPa/mm. One of the advan-
tages of the UV irradiation technique used to generate the FGMs is that the variation of properties can be
controlled, within the limitations of the material, by the duration and amount of irradiation, and FGMs II,
III and IV were manufactured to have steeper modulus gradient in the vicinity of the initial crack tip. The
eﬀect of modulus hinted to in Fig. 11 is seen more clearly in the early stages of crack growth in FGMs II
3936 J. Abanto-Bueno, J. Lambros / International Journal of Solids and Structures 43 (2006) 3920–3939and III, Figs. 12 and 13, where up to a crack extension of about 14 mm and 20 mm respectively there is little
change in the failure stress and strain compared to a Youngs modulus decrease of 20% (or 3.7 MPa/mm)
and 43% (or 5 MPa/mm) respectively. The fact that in FGMs II and III the crack again reaches steady state
growth where the fracture resistance remains constant, much like in the case of homogeneous materials,
implies that the spatial variation of E does not aﬀect the overall fracture resistance of the FGM. However,
the Youngs modulus variation does aﬀect the stress distribution around the crack tip, illustrated through
Eq. (3), and therefore the applied load needed for continued crack growth. This was also observed by Neu-
brand et al. (2003).
The corresponding curve for FGM II is shown in Fig. 12. In this case the original crack tip was placed in
a region where rf and ef are almost constant while E shows a sharper gradient. Compared to FGM I, this
resistance curve clearly illustrates the eﬀect of E and ef on the fracture response. The FGM II property var-
iation can be divided into three regions: (i) Decreasing E and constant ef, up to approximately 12 mm of
crack extension. As mentioned above, the situation in this range is similar to that in FGM I (Fig. 11),
and crack growth resistance almost reaches a plateau even though E decreases. (ii) In the second region
(about 10 mm < Da < 25 mm) ef increases and as a consequence the FGM fracture resistance also increases,
showing that it is highly controlled by local failure strain. The Youngs modulus will aﬀect the available
driving force through the stress ﬁeld, therefore the measured driving force must increase to allow crack
growth in spite of the decreasing Youngs modulus. (iii) In the third region (Da > 25 mm), ef and E reach
constant values; however measured values of ef show a much larger deviation from the ﬁtted line compared
to the two previous regions. In this region, it seems that the curve eventually reaches a constant value. How-
ever, data for larger crack extensions would be needed to determine if a plateau is really achieved following
the trend of ef. Nonetheless, the results of the two ﬁrst regions are quite signiﬁcant conﬁrming that the over-
all fracture resistance of the FGM follows the spatial variation of ef (with almost constant rf in this case).
The regions of (i) constant E and ef (up to about 20 mm), and (ii) decreasing E and increasing ef, with an
approximately constant rf are also seen to occur in FGM III (Fig. 13). Here, as in FGMs I and II, crack
growth resistance reaches a steady state plateau in the initial stages of growth which is followed by an in-
crease resulting from a large increase in the local failure strain. In all three cases of FGMs I, II and III,
however, it is diﬃcult to draw conclusions regarding the inﬂuence of failure stress on crack growth resis-
tance as it varies little in these samples. For this purpose FGM IV was manufactured to exhibit a larger
variation of local failure stress in the window of interest. Fig. 14 shows the fracture resistance curve of
FGM IV and the corresponding spatial variation of E, rf and ef. From this Figure we can clearly see that,
in addition to ef, rf does also directly aﬀect the fracture resistance of the FGM. In this case the FGM frac-
ture resistance initially decreases as does rf. A decreasing resistance curve in homogeneous materials is con-
sidered an unstable state where the applied driving force has reached a critical value equal to the fracture
toughness of the materials (which is constant), and increasing the driving force above this critical value will
cause a sudden and catastrophic material failure. However this may or may not happen in the case of func-
tionally graded materials depending on the combination of local values of rf and ef. For example in the case
of FGM IV, initially fracture resistance is controlled by rf as ef remains constant. Then the crack propa-
gates through a region where rf decreases while ef increases, in this case the combined eﬀect of both will
determine the fracture toughness of the FGMs. A third case occurs when ef increases and rf is constant,
in this case the toughness of the material is controlled solely by ef. Therefore, in contrast to the fracture
toughness of homogeneous materials which depends only on the crack extension, the fracture resistance
of functionally graded materials will depend, in addition to the crack extension, on the combined eﬀect
of the local values of rf and ef.
Based on the previous discussion, we can now rewrite Eq. (1) for the case of graded materials to formulate
a fracture criterion for quasi-static crack propagation in FGMs under small scale yielding mode I loading asK ðP ; a;EðxÞ; T Þ ¼ KRðDa; e ðxÞ; r ðxÞÞ. ð4ÞI I f f
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geometry (a), as in the case of homogeneous materials, but also on the local elastic modulus (E(x),x: gra-
dient direction) and T-stress (T). Crack growth will occur when this driving force equals a toughness, KRI , a
material property, which will depend not only on crack extension (Da) as in homogeneous materials, but
also the local failure strain, ef(x), and failure stress, rf(x). Note that since small scale yielding conditions
have been assumed Eq. (4) can also be recast in a form involving energy release rate.4. Conclusions
The aim of this experimental investigation was to provide a broader understanding of the parameters
that control the fracture behavior of functionally graded materials. To achieve this goal, model polymer-
based graded materials were manufactured and mechanically characterized in detail using uniaxial tensile
tests. Their in-plane fracture behavior was also investigated using the full-ﬁeld digital image correlation
(DIC) technique. This is the ﬁrst time that experiments of this kind have been conducted on polymer-based
FGMs. The very detailed characterization of each specimen coupled with full-ﬁeld optical diagnostics al-
lowed a comprehensive analysis of the role of all relevant parameters.
A fracture criterion for functionally graded materials was suggested in which crack growth occurs when
the (applied) crack driving force reaches a critical value equal to the FGM fracture toughness. It was shown
experimentally that in FGMs, the crack driving force depends on the local values of the Youngs modulus
and the corresponding T-stress. The fracture toughness of FGMs, in contrast to homogeneous materials,
exhibits a spatial variation that directly depends, in addition to the crack extension (as in homogeneous
materials), on the combined eﬀect of two local material parameters: failure stress rf and failure strain ef.
Depending on the spatial variation of these two parameters, the local FGM fracture toughness will possess,
regardless the spatial variation of the Youngs modulus, a constant value (when rf and ef are constant),
increasing behavior (when rf and/or ef locally increase), or decreasing behavior (when rf and/or ef locally
decrease).
A logical continuation of this work is to investigate the precise details of how rf and ef aﬀect the right-
hand side of expression (4). The particular material used here, ECO, fails through a process of crazing
which, even though not visible at the scale of the image in Fig. 4(b), can readily be visualized in an optical
microscope. Abanto-Bueno and Lambros (2005) have directly measured craze level properties and related
them to global toughness values for homogeneously irradiated ECO. A companion study for graded ECO
is currently underway which should shed more light into the exact dependence of KRI on rf(x) and ef(x).Acknowledgments
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